Simulation of relativistic shocks and associated radiatin
from turbulent magnetic fields

K.-1. Nishikawa, J. Niemieé¢, M. Medvedev*, B. Zhand, P. Harde& A.
Nordlund, J. Frederikseh Y. Mizuno®, H. Soll, M. Pohl*, D. H. Hartman## and
G. J. Fishmat$

*National Space Science and Technology Center, Hunts&ill&5805, USA
TInstitute of Nuclear Physics PAN, ul. Radzikowskiego 152382 Krak6w, Poland
**Department of Physics and Astronomy, University of Kans&8s66045, USA
*Department of Physics, University of Nevada, Las Vegas, N\88, USA
SDepartment of Physics and Astronomy, The University of @iad, Tuscaloosa, AL 35487, USA
Niels Bohr Institute, University of Copenhagen, Julianeriés Vej 30, 2100 Copenhagen @, Denmark
ILUTH, Observatore de Paris-Meudon, 5 place Jules Janset9®®leudon Cedex, France

Mnstitut fur Physik und Astronomie, Universitéat Potsdad4 16 Potsdam-Golm, Germany, and DESY,

Platanenallee 6, 15738 Zeuthen, Germany
HDepartment of Physics and Astronomy, Clemson Universigmeéon, SC 29634, USA

$SNASA/MSFC, Huntsville, AL 35805, USA

Abstract. Using our new 3-D relativistic particle-in-cell (PIC) cqdee investigated long-term particle acceleration associ-
ated with a relativistic electron-positron jet propaggtin an unmagnetized ambient electron-positron plasma.sirhela-
tions were performed using a much longer simulation systean bur previous simulations in order to investigate thé ful
nonlinear stage of the Weibel instability and its particteeleration mechanism. Cold jet electrons are thermablneldambi-

ent electrons are accelerated in the resulting shocks.lévati®n of ambient electrons leads to a maximum ambiectrele
density three times larger than the original value as ptediby hydrodynamic compression. Behind the bow shock drjeh
shock, strong electromagnetic fields are generated. Thedds fhay lead to time dependent afterglow emission. In doigo
beyond the standard synchrotron model used in astroptygifects we have used PIC simulations and calculated radiat
based on first principles. We calculated radiation fromtet&rs propagating in a uniform parallel magnetic field toifyer
the technique. We also used the technique to calculate iemiB®m electrons based on simulations with a small system.
We obtain spectra which are consistent with those genefeded electrons propagating in turbulent magnetic fieldssTh
turbulent magnetic field is similar to the magnetic field gated at an early nonlinear stage of the Weibel instabAitfully
developed shock within a larger system may generate d$ytechrotron spectrum.
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INTRODUCTION

Particle-in-cell (PIC) simulations can shed light on the/gibal mechanism of particle acceleration that occurs in
the complicated dynamics within relativistic shocks. Red@C simulations of relativistic electron-ion and electr
positron jets injected into an ambient plasma show thatlexa#on occurs within the downstream jetP ? 2 2 ? ?
? ?]. In general, these simulations have confirmed that retiivjets excite the Weibel instability, which generates
current filaments and associated magnetic fiebkds@nd accelerates electrons (for details, e3)], [

The general agreement between blast wave dynamics and diessurements of the fireball size argue for the
validity of this model for GRBs? ?]. The shock is most likely collisionless, i.e., mediatedatysma instabilitiesq
]. The electromagnetic instabilities mediating the afi@ngshock are expected to generate magnetic fields. Afterglo
radiation was therefore predicted to result from synclwro&mission of shock accelerated electrahis The observed
spectrum of afterglow radiation is indeed remarkably cstesit with synchrotron emission of electrons accelerated t
a power-law distribution, providing support for the startafterglow model based on synchrotron emission of shock
accelerated electron8 P ????? 1.

A synchrotron shock model is widely adopted to describedlétion thought to be responsible for observed broad-
band GRB afterglowsq]? ? ? ?]. Associated with this model are three major assumptioasahe adopted in almost
all current GRB afterglow models. Firstly, electrons arsumsed to be “Fermi” accelerated at the relativistic shocks



and to have a power-law distribution with a power-law ingiedtpon acceleration, i.eN(Ee)dEe O E~PdE.. This is
consistent with recent PIC simulations of shock formatind particle acceleratior?[] and also some Monte Carlo
models [? ? ?], but see P ?]. Secondly, a fractiorzge (generally taken to be 1) of the electrons associated with
ISM baryons are accelerated, and the total electron ensrgyractioné. of the total internal energy in the shocked
region. Thirdly, the strength of the magnetic fields in thecked region is unknown, but its energy densBy (871)

is assumed to be a fracti@g of the internal energy. These assumed “micro-physics’matarsp, & andeg, whose
values are obtained from spectral fit&sY] reflect the lack of a detailed description of the micropbgg? .

Due to the lack of a first principles theory of collisionleb®sks, a purely phenomenological approach to the model
of afterglow radiation was ascribed without investigatingletail the processes responsible for particle accéberat
and magnetic field generatiof [. It is important to clarify here that the constraints ingalion these parameters by
the observations are independent of any assumptions iegdte: nature of the afterglow shock and the processes
responsible for particle acceleration or magnetic fieldegation. Any model should satisfy these observational
constraints.

The properties of synchrotron (or “jitter") emission fromlativistic shocks will be determined by the magnetic
field strength and structure and the electron energy digioib behind the shock. The characteristics of jitter radia
may be important to understanding the complex time evalusiod/or spectral structure in gamma-ray bur8t$ [
For example, jitter radiation has been proposed as a meaxptain GRB spectra below the peak frequency that are
harder than the “line of death” spectral index associatetl synchrotron emissior?[?], i.e., the observed spectral
power scales aB, [ v¥/3, whereas synchrotron spectra &ell v1/3 or softer P ]. Thus, it is essential to calculate
radiation production by tracing electrons (positrons)atli-sonsistently generated small-scale electromagfietits.

Therefore, the investigation of radiation resulting frootelerated particles (mainly electrons and positrons) in
turbulent magnetic fields is essential for understandid@tion mechanisms and their observable spectral preserti
In this report we present a new numerical method to obtaintspéom particles self-consistently traced in our PIC
simulations.

CALCULATING EMISSION FROM ELECTRONS MOVING IN SELF-CONSIS TENTLY
GENERATED MAGNETIC FIELDS

We calculate the radiation spectra directly from our sirtiofes by integrating the expression for the retarded power,
derived from Liénard-Wiechert potentials for a large numiierepresentative particles in the PIC representation of
the plasma? ? ? ? ? ? ? ? ? . In order to obtain the spectrum of the synchrotron/jigarission, we consider an
ensemble of electrons selected in the region where the Wagtability has fully grown and where the electrons are
accelerated in the self-consistently generated magnelitsfi

We have validated our numerical method by performing sitiria using a small system with.(Ly,L;) =
(6457, 131A,131A) (A = 1: grid size) and a total of 0.5 billion particles (12 particlekell/species for the ambient
plasma) in the active grid zone® . We first performed simulations without calculating raatia up tot = 4500%1
when the jet front is located at aboxit= 480A. We randomly selected 16,200 jet electrons near the jet faod
calculated the emission during the sampling ti;e t, —t; = 750%1 with Nyquist frequencyuy = 1/2At = 200upe
whereAt = 0-005%}1 is the simulation time step and the frequency resolulan= 1/ts = 0.0133wye. The mass ratio
is 1 (me/m = 1).

The spectra shown in Figure 1a are obtained for emission jebelectrons withy = 10,20,50,100,300 and 1000.
We have simulated cold (thin) and warm (thick) electron fetsthe different Lorentz factors except the case of
y = 1000 (larger than the maximum value). Here the spectra d&alated for head-on radiatio® (= 0°). It is noted
that in this report the radiation loss is notincluded [€2@]. The radiation from jet electrons shows a Bremsstrahlung-
like spectrum for the eleven casés][ Since the magnetic fields generated by the Weibel instalite rather weak
and jet electron acceleration is modest, the electronci@jies bend only slightly.

Comparable to a Bremsstrahlung spectrum, the lower fremieermave flat spectra and the higher frequencies
decreaseq]. However, the higher frequency slopes in Fig. 1a are lesspsthan that in the Bremsstrahlung spectrum.
This is due to the fact that the spread of Lorentz factors oéliectrons is larger and the average Lorentz factor is
larger as well. Furthermore, even when the magnetic fieghgth is not so large, the slope of the spectra seems to
be extended to higher frequency. This is explained as shovigi. 7.16 (left) in Hededal’s Ph. D. thesig@ Jwhere
the turbulent magnetic field shifts the frequency highehvghorter wave length (smallgr). We ran simulations
using several different parameters for jet electrons anbiemh magnetic field using a small system as in this report.
However, the strength of the magnetic fields generated bywHibel instability is small, therefore the spectra for #hes
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FIGURE 1. Brief comparison of synthetic spectra (Fig. 1a) and Fernta d&ig. 1b) . Figure 1a shows the spectra for the
cases ofy = 10,20,50,100,300 and 1000 with cold (thin lines) and warm (thick lines)céien jets. The low frequency slope is
approximately 1 and is very similar to those of the spectf@ignlb except interval “a”. Figure 1b shows the model spdatner,
units for five time intervals based on Fermi d&?4.[A flat spectrum would indicate equal energy per decade atghenergy. The
changing shapes show the evolution of the spectrum over Tilelow frequency slope in Fig. 1a is approximately 1 whichery
similar to those of the spectra in Fig 1b except interval “a”.

cases are very similar to the Bremsstrahlung spectrum.

Figure 1 shows how our synthetic spectrum matches with spetttained from Fermi observations. Figure 1b
shows the model spectra for five time interva?g.[The red line shows a slope of 1 and except for the interval “a
the slopes for all other time intervals are approximatelyHis is similar to a Bremsstrahlung-like spectrum at least
for the low frequency side. As shown in Fig. 1a the synthqtiectral slopes at low frequencies are very similar to
the observations. The peaks and slopes at high frequerit@gie over time as shown in Fig. 1b. As expected, the
spectral peaks for jet electrons with higher Lorentz fextoecome higher in frequency and amplitude for cold jets
(thin lines) as shown in Fig. 1a. The spectral peaks of wats(jbick lines) are lower than those for cold jets, however
the amplitudes become much higher. It should be noted ttsitrinlations the spectra are normalized by the electron
plasma frequencyye and considering various physical parameters, for exanﬁj‘leblg may correspond to keV.
This simulation setup is for a relativistic jet into an extairmedium, which is appropriate for afterglows. However,
we need to examine this issue further in order to compardsyintwith observed spectra.

DISCUSSION

Emission obtained with the method described above is obdagelf-consistently, and automatically accounts for
magnetic field structures on the small scales responsibl@tfer emission. By performing such calculations for
simulations with different parameters, we can investigaig compare the different regimes of jitter- and synchretro
type emission? ? ]. Thus, we should be able to address the low frequency GRBtrgppéndex violation of the
synchrotron spectrum line of death][

Recently, synthetic radiation has been obtained from acatdd electrons in laser-wakefield accelerath [n
counter-streaming jet®], and in reflecting wall generated shocRg[In this report as in previous worlR[, we inject
relativistic jets into ambient plasma. A shock is formed afettrons are accelerated due to the Weibel instability and
the shock. We calculate the radiation from jet electronshin dbserver frame, therefore calculated spectra can be
compared with observations directly.

Behind the trailing shock the electrons are acceleratedstnotig magnetic fields are generat@d.[ Therefore,
this region seems to produce the observed emission. We xgithane the observed spectral changes over time using
different plasma conditions such as jet Lorentz factotghermal temperatures, and plasma composition.
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